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Background:  Coagulopathy  is  an 
important  contributor  to  morbidity  and 
mortality  in  trauma  patients.  Acidosis  con¬ 
tributes  to  coagulopathy.  Acidosis  can  be 
neutralized  with  intravascular  bicarbonate, 
but  it  is  unclear  if  the  coagulation  defect  is 
rapidly  reversed.  The  effects  of  acidosis  and 
bicarbonate  neutralization  on  coagulation 
function  were  investigated  in  vivo. 

Methods:  Acidosis  was  induced  in  12 
pigs  by  infusing  0.2  mol/L  HC1  to  pH  7.1. 
Pigs  were  then  infused  with  either  LR  to 
maintain  a  pH  of  7.1  (A-LR,  n  =  6)  or  0.3 
mol/L  bicarbonate  to  a  pH  of  7.4  (A-Bi, 
n  =  6).  Blood  samples  were  taken  at  base¬ 


line,  15  minutes  after  acidosis  induction, 
and  15  minutes  after  bicarbonate  neutral¬ 
ization.  Coagulation  function  was  assessed 
by  prothrombin  time  (PT),  partial  throm¬ 
boplastin  time  (PTT),  thrombin  gen¬ 
eration,  initial  clot  formation  time  (R), 
clotting  rapidity  (a),  and  clot  strength 
(MA). 

ReSUltS:  Compared  with  baseline 
values,  acidosis  reduced  fibrinogen  con¬ 
centration  to  66%  ±  2%  in  A-LR  and  to 
71%  ±  3%  in  A-Bi,  and  decreased  platelet 
counts  to  49%  ±  4%  in  A-LR  and  to  53% 
±  4%  in  A-Bi.  Thrombin  generation  de¬ 
creased  to  60%  ±  4%  in  A-LR  and  to  53% 


±  7%  in  A-Bi.  Acidosis  prolonged  PT  and 
PTT  about  20%  and  decreased  a  and  MA. 
After  pH  neutralization,  fibrinogen  and 
platelet  levels  remained  depleted  and  no 
reversal  of  acidosis-induced  changes  in 
thrombin  generation,  PT,  PTT,  a,  and 
MA  were  observed. 

Conclusion:  Acidosis  impaired  coagu¬ 
lation  by  depleting  fibrinogen  and  platelets 
and  by  inhibiting  clotting  kinetics.  The  def¬ 
icit  associated  with  acidosis  was  not  re¬ 
versed  with  bicarbonate  pH  neutralization. 

Key  Words:  Trauma,  Fibrinogen, 
Platelets,  Thromboelastography,  Throm¬ 
bin  generation. 

J  Trauma.  2006;61:99-106. 


Acidosis  in  trauma  patients  is  associated  with  high 
mortality.1-4  Common  causes  for  acidosis  include  tis¬ 
sue  hypoxia  from  massive  hemorrhage  and  massive 
transfusion  of  stored  blood.  A  major  consequence  of  acidosis 
is  a  disruption  in  coagulation.  Prolonged  prothrombin  time 
(PT)  and  partial  thromboplastin  time  (PTT)  have  been  shown 
in  acidotic  trauma  patients.1'4  In  a  study  of  58  massively 
transfused  patients  with  Injury  Severity  Scores  (ISS)  of  30, 
Cosgriff  et  al.  reported  that  the  probability  of  developing 
coagulopathy  due  to  acidosis  alone  was  58%. 1  When  com¬ 
bined  with  hypothermia  and  low  systolic  pressure  (<70  mm 
Hg),  the  probability  rose  to  98%. 1  Thus,  correcting  acidosis- 
induced  coagulopathy  represents  a  major  therapeutic  goal  in 
saving  the  lives  of  trauma  patients. 

Hypothermia  disrupts  clotting  by  slowing  coagulation 
enzyme  activity  and  platelet  function.  A  prolonged  PT  has 
been  shown  in  hypothermic  patients,  experimental  animals, 
and  plasma  samples  chilled  in  vitro.5-16  Upon  rewarming, 
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correction  of  enzyme  activities,  clotting  time,  and  platelet 
function  has  been  reported. 17-20  Thus,  hypothermia  reversal  may 
correct  hypothermia-associated  coagulation  defects.  However,  it 
is  not  clear  whether  the  effects  of  acidosis  on  coagulation  can  be 
similarly  reversed  through  pH  neutralization. 

The  essence  of  the  coagulation  process  is  the  formation 
of  fibrin  clot  from  fibrinogen.  Thrombin  plays  a  central  role 
in  the  process,  activating  platelets  and  catalyzing  the  conver¬ 
sion  of  fibrinogen  to  fibrin  clot.21  Thrombin  generation  is 
essential  for  rapid  and  effective  clot  formation.  Thrombin 
generation  consists  of  initiation  and  propagation  phases.21  In 
the  initiation  phase,  factor  X  is  activated  and  a  small  amount 
of  thrombin  is  produced  as  a  result  of  the  formation  of  the 
tissue  factor  activated  factor  Vila  complex.  In  the  propaga¬ 
tion  phase,  the  initial  thrombin  activates  platelets  as  well  as  a 
series  of  other  procoagulant  enzymes,  resulting  in  the  expo¬ 
nential  thrombin  burst  that  is  required  for  normal  hemostasis. 
Thus,  changes  in  thrombin  generation  kinetics  may  reveal 
mechanisms  contributing  to  changes  in  coagulation  function 
under  various  circumstances.  We  recently  reported  detrimen¬ 
tal  effects  of  acidosis  and  hypothermia  on  thrombin  genera¬ 
tion  kinetics  in  a  swine  model.22  It  is  not  clear  whether 
acidosis  inhibitory  effects  on  thrombin  generation  can  be 
corrected  by  pH  neutralization. 

This  study  was  designed  to  investigate  the  mechanisms 
underlying  coagulation  changes  prompted  by  acidosis  and  to 
assess  the  immediate  efficacy  of  pH  neutralization  with  so¬ 
dium  bicarbonate  in  restoring  normal  coagulation  properties. 
Acidosis  of  pH  7.1  was  induced  in  swine  by  infusing  0.2  N 
HC1,22  followed  by  pH  neutralization  with  sodium  bicarbonate. 
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Fig.  1.  Study  protocol. 

Changes  in  coagulation  substrates,  function,  and  thrombin  gen¬ 
eration  were  evaluated  under  acidosis  and  after  pharmacologic 
pH  neutralization. 

MATERIALS  AND  METHODS 

The  experimental  studies  described  in  this  report  were 
reviewed  and  approved  by  the  Institutional  Animal  Care  and 
Use  Committee.  In  conducting  the  research  described  here, 
the  authors  adhered  to  the  “Guide  for  the  Care  and  Use  of 
Laboratory  Animals,”  National  Research  Council,  1996. 

Twelve  crossbred  Yorkshire  swine  (33  ±  1  kg)  obtained 
from  a  local  vendor  were  used  in  this  study.  After  an  over¬ 
night  fast,  animals  were  preanesthetized  with  glycopyrrolate 
(0.1  mg/kg)  and  Telazol  (6  mg/kg).  Surgical  anesthesia  was 
induced  with  5%  isoflurane  in  100%  oxygen  by  mask  and 
then  maintained  using  1%  to  3%  isoflurane  after  intubations. 
The  right  femoral  artery  and  the  right  external  jugular  vein 
were  cannulated  for  blood  sampling  and  fluid  infusion,  re¬ 
spectively.  Arterial  blood  temperature  and  pH  were  moni¬ 
tored  continuously  using  intra-arterial  sensors  precalibrated 
according  to  the  manufacturer’s  instructions  (Paratrend  7 
Trendcare  system,  Diametrics  Medical  Inc,  Roseville,  MN), 
and  placed  via  a  20-gauge  carotid  artery  cannula.  Arterial 
blood  pressure  and  heart  rate  were  also  monitored  using  an  ex 
vivo  pressure  transducer  connected  to  the  same  cannula  dur¬ 
ing  the  study. 

Upon  the  completion  of  catheter  cannulations  and  a  15- 
minute  stabilization  period,  baseline  (TO)  blood  samples  were 
taken  for  biochemical  and  coagulation  analyses.  In  the  12 
animals,  acidosis  was  induced  by  infusion  of  0.2  mol/L  HC1 
in  lactated  Ringer’s  (LR)  solution,  following  the  procedures 
we  described  previously  with  modifications  in  infusion 
rates.22  Briefly,  a  step-increase  infusion  regimen  was  used  to 
minimize  complications.  The  infusion  rate  started  at  0.07 
mL/kg/min  for  the  initial  60-mL  solution,  followed  by  an 
increase  to  0.14  mL/kg/min  to  reach  pH  7.3,  another  increase 


1 


in  rate  to  0.21  mL/kg/min  to  reach  pH  7.25,  and  a  final 
increase  to  0.28  mL/kg/min  to  reach  pH  7.1.  Afterward,  the 
12  pigs  were  randomized  into  two  groups:  the  acidosis- 
bicarbonate  group  (A-Bi,  n  =  6)  and  the  acidosis-lactated 
Ringer’s  group  (A-LR,  n  =  6).  In  the  A-Bi  group,  animals 
were  infused  with  0.3  mol/L  sodium  bicarbonate  at  the  rate  of 
0.28  mL/kg/min  to  neutralize  arterial  pH  to  7.4.  When  the 
target  pH  of  7.4  was  stable  for  15  minutes,  blood  samples 
were  taken  in  the  A-Bi  group  (T2).  Pigs  in  the  A-LR  group 
were  infused  with  LR  solution  at  the  same  rate  and  duration  as 
the  0.3  mol/L  sodium  bicarbonate  infusion,  before  T2  samples 
were  taken.  The  acidosis  study  protocol  is  shown  in  Fig.  1. 

To  assess  hemodilutional  effects  on  coagulation,  six  ad¬ 
ditional  animals  (from  the  same  vendor  and  with  similar  body 
weights)  were  infused  with  LR  at  rates  to  mimic  the  infusion 
pattern  of  0.2N  HC1  fluid  in  the  12  acidosis  animals  described 
above.  This  group  served  as  a  dilution  control. 

To  minimize  coagulation  effects  from  shear-induced 
platelet  activation,  all  blood  samples  were  collected  by  in¬ 
serting  a  25-mm  single-use  catheter  made  from  Tygon  tubing 
(Saint-Gobain  Performance  Plastics,  Akron,  OH)  into  the 
self-sealing  port  of  the  femoral  catheter  introducer.  Blood 
was  gently  withdrawn  from  the  catheter  and  the  first  3  mL  of 
blood  withdrawn  were  discarded  at  each  sampling  time. 

Hematocrit  (Hct)  and  platelet  count  were  measured  from 
citrated  blood  using  an  ABX  Pentra  120  hematology  analyzer 
(ABX  Diagnostics,  Inc.,  Irvine,  CA).  Blood  chemistry  was 
measured  using  a  Dimension  Clinical  Chemistry  System 
(Dade  Behring  Inc.,  Newark,  DE).  PT  and  PTT  were  mea¬ 
sured  from  citrated  plasma  using  BCS  Coagulation  System 
(Dade  Behring,  Deerfield,  IL).  Plasma  fibrinogen  concentra¬ 
tion  was  determined  by  BCS  Coagulation  System  based  on 
fibrinogen  functional  activities  in  the  clotting  process.  Acti¬ 
vated  clotting  time  (ACT)  was  determined  in  fresh  whole 
blood  using  HRFTCA  510  Hemochron  (International  Tech¬ 
nique  Corp,  Edison,  NJ). 
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Acidosis  and  Coagulopathy 


Table  1  Changes  in  Arterial  pH,  HCO,  ,  and  Electrolytes  Under  Acidosis  and  Following  Sodium  Bicarbonate 
Neutralization  of  pH 


Acidosis-Lactated  Ringer 

Acidosis-Bicarbonate 

TO 

T1 

T2 

TO 

T1 

T2 

pH 

7.40  ±  0.01 

7.11  ±  0.01* 

7.14  ±  0.02* 

7.39  ±  0.01 

7.12  ±  0.01* 

7.39  ±  0.01 1 

Na+  (mM) 

139  ±  1 

138  ±  1 

137  ±  1 

141  ±  2 

141  ±  3 

148  ±  3*,f 

K+  (mM) 

4.7  ±  0.1 

6.3  ±  0.3* 

6.8  ±  0.3* 

4.5  ±  0.1 

6.7  ±  0.4* 

6.3  ±  0.2* 

Ca++  (mg/dL) 

10.0  ±  0.1 

9.5  ±  0.0* 

9.2  ±  0.1* 

10.1  ±  0.2 

9.3  ±  0.3* 

9.1  ±  0.2* 

CL  (mM) 

98  ±  1 

113  ±  1* 

110  ±  1* 

103  ±  2 

115  ±  2* 

110  ±  3* 

HC03‘  (mM) 

32.3  ±  0.7 

16.4  ±  1.1* 

19.1  ±  0.7* 

33.1  ±  0.6 

18.1  ±  1.6* 

35.7  ±  2.8f 

Data  are  means  ±  SE  of  six  animals/group. 
*p  <  0.05  compared  to  TO  values. 
fp  <  0.05  compared  to  T1  values. 


The  coagulation  profiles  were  determined  for  fresh 
whole  blood  with  pig  thromboplastin  using  thrombelastogra- 
phy  (TEG  5000  Hemostasis  Analyzer,  Hemoscope  Corp, 
Niles,  IL)  as  previously  described.23  In  the  TEG  measure¬ 
ments,  reaction  time  (R  time)  is  the  latency  time  for  initial 
clot  formation.  Angle  (a)  measures  the  rapidity  of  fibrin  build 
up  and  cross-linking.  Maximum  amplitude  (MA)  represents 
maximum  strength  or  stiffness  of  the  clot  and  CL30  indicates 
the  percent  of  clot  lysis  at  30  minutes  after  maximum  ampli¬ 
tude  is  achieved. 

Thrombin  generation  was  assessed  by  measuring  throm- 
bin-antithrombin  III  (TAT)  complex  from  fresh  whole  blood 
samples,  following  the  procedure  described  by  Rand  et  al.24 
Briefly,  fresh  whole  blood  samples  were  aliquoted  into  12 
tubes  and  a  “quench”  solution  (50  mmol/L  EDTA  and  10 
mmol/L  benzamidine  in  HEPES-buffered  saline)  was  added 
to  each  of  the  aliquots  at  different  time  intervals  to  stop  clot 
formation.  The  quenched  samples  were  centrifuged  and  su¬ 
pernatants  were  collected  for  TAT  concentration  measure¬ 
ment  using  commercially  available  ELISA  kits  (Enzygnost 
TAT,  Dade  Behring  Inc,  Deerfield,  IL).  The  TAT  concentra¬ 
tions  from  the  supernatant  samples  reflect  thrombin  content 
generated  from  fresh  whole  blood  samples  before  quench 
time  points.  This  technique  has  been  used  to  assess  thrombin 
generation  kinetics  in  various  studies.  ’ 

Statistical  Analysis 

All  results  are  expressed  as  means  ±  SE.  Comparisons 
over  time  in  hemodynamics,  substrate  concentrations,  and 
clotting  measurements  between  the  A-LR  and  A-Bi  groups 
were  made  using  a  mixed  model  ANOVA  with  SAS  statis¬ 
tical  analysis  program  (Version  8.1,  SAS  Institute  Inc.,  1999). 
Comparisons  in  thrombin  generation  over  time  between  the 
A-LR  and  A-Bi  groups  were  also  made  using  a  mixed  model 
ANOVA.  Statistical  significance  was  set  at  the  0.05  level. 

RESULTS 

Acidosis  Induction  and  Effects 
on  Coagulation  (TO  to  T1) 

Acidosis  of  pH  7.1  was  successfully  induced  in  all  12 
animals  in  235  ±  34  minutes  (same  in  both  groups),  and  no 


animal  died  as  a  result  of  the  acidosis.  Similar  volumes  of 
0.2N  HC1  solution  were  infused  to  achieve  the  target  pH  of 
7.1  in  A-LR  (43  ±  6  mL/kg)  and  A-Bi  (38  ±  4  mL/kg) 
groups.  Similar  changes  in  hemodynamics,  metabolic,  and 
coagulation  parameters  were  observed  in  both  groups  during 
the  acidosis  induction.  Mean  arterial  pressure  (MAP)  de¬ 
creased  from  105  ±  6  to  76  ±  6  mm  Hg  in  A-LR  and  from 
101  ±  6  to  78  ±  7  mm  Hg  in  A-Bi  (p  <  0.05  from  baseline). 
Heart  rate  decreased  from  99  ±  5  to  83  ±  5  bpm  in  A-LR  and 
103  ±  6  to  84  ±  6  bpm  in  A-Bi  ( p  <  0.05).  Hct  decreased 
from  31  ±  1%  to  28  ±  1%  in  A-LR  and  from  29  ±  1%  to 
25  ±  1%  in  A-Bi  (p  <  0.05).  Arterial  base  excess  (BE) 
dropped  from  7.1  ±  0.7  mmol/L  to  —12.2  ±  0.9  mmol/L  in 
A-LR  and  from  7.5  ±  0.6  mmol/L  to  —10.3  ±1.5  mmol/L 
in  A-Bi  {p  <  0.05).  Concentrations  of  HC03-,  CP,  and  K+ 
increased  significantly,  while  Ca++  was  decreased  by  the  in¬ 
duction  of  acidosis  (Table  1).  There  were  no  significant  changes 
in  Na+,  pC02,  and  p02  during  the  acidosis  induction. 
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Fig.  2.  Changes  in  fibrinogen  concentration  and  platelet  count 
during  acidosis  induction  (Tl)  and  bicarbonate  neutralization  (T2). 
*p  <  0.05,  compared  with  TO. 
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Table  2  Changes  in  PT,  PTT  and  ACT  After  Acidosis  and  Bicarbonate  Neutralization  of  pH 


Acidosis-Lactated  Ringer 

Acidosis-Bicarbonate 

TO 

Tl 

T2 

TO 

Tl 

T2 

PT  (sec) 

10  ±  0 

12  ±  0* 

12  ±  0* 

10  ±  0 

12  ±  0* 

12  ±  0* 

PTT  (sec) 

16  ±  0 

20  ±  1* 

20  ±  1* 

16  ±  0 

19  ±  1* 

22  ±  1* 

ACT  (sec) 

106  ±  2 

130  ±  6* 

134  ±  4* 

107  ±  6 

135  ±  6* 

142  ±  11* 

Data  are  means  ±  SE  of  six  animals/group. 
*p  <  0.05  compared  to  TO  values. 

ACT,  activated  clotting  time. 


Clotting  rapidity  (ex) 


80 


TO  (pH  7.4)  T 1  (pH  7.1)  T2  (pH  7.1/7.4) 

□  A-LR  ■  A-Bloa  rbonate 


80  - 

70  - 

60  - 

SO  - 

40  - 

CD  A-LR  ■  A-Bicarbonate 

Fifl.  3.  Changes  in  clotting  rapidity  (a)  and  lot  strength  (MA)  during  acidosis  induction  (Tl)  and  bicarbonate  neutralization  (T2).  *p  <  0.05, 
compare  to  TO. 


Clot  strength  (MA) 
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Acidosis  caused  a  significant  depletion  in  both  fibrino¬ 
gen  concentration  and  platelet  count.  Compared  with  baseline 
values  (TO),  fibrinogen  concentration  dropped  to  66  ±  2%  in 
A-LR  and  71  ±  3%  in  A-Bi  ( p  <  0.05,  Fig  2).  Platelet  counts 
were  reduced  to  49  ±  4%  of  the  baseline  values  in  A-LR  and 
to  53  ±  4%  in  A-Bi  ( p  <  0.05,  Fig.  2).  There  was  less 
depletion  in  plasma  total  protein  content  and  albumin  content. 
Plasma  total  protein  concentration  decreased  to  91  ±  2%  of 
baseline  values  in  A-LR  (p  <  0.05)  and  87  ±  2%  of  baseline 
values  in  A-Bi  ( p  <  0.05).  Serum  albumin  concentration 
decreased  to  90  ±  3%  of  baseline  values  in  both  A-LR  and 
A-Bi  groups  (p  <  0.05). 

Acidosis  caused  significant  changes  in  coagulation  func¬ 
tion  in  both  groups.  PT,  PTT,  and  ACT  were  consistently 
prolonged  by  acidosis  in  both  groups  (Table  2).  In  TEG, 
clotting  rapidity  (a)  and  clot  strength  (MA)  were  significantly 
impaired  by  acidosis  in  both  groups  (Fig.  3).  Flowever,  the 
initial  clotting  time  R  and  fibrinolysis  CL30  were  not  changed 
by  acidosis  in  either  group. 

There  were  no  differences  in  thrombin  generation  kinet¬ 
ics  between  the  two  groups  at  baseline  (Fig  4,  TO).  Following 
acidosis  induction  (Tl),  similar  changing  patterns  in  throm¬ 
bin  generation  were  observed  in  the  two  groups  (Fig.  4,  Tl). 


The  onset  of  thrombin  generation  (in  the  initiation  phase) 
remained  unchanged  in  both  groups.  However,  thrombin  gen¬ 
eration  afterward  (in  the  propagation  phase)  was  severely 
impaired  by  acidosis  in  both  groups  (Fig.  4,  Tl).  Compared 
with  baseline  thrombin  generation,  acidosis  decreased  throm¬ 
bin  generation  to  60  ±  4%,  54  ±  4%,  57  ±  3%  and  66  ±  6% 
in  A-LR  group,  and  to  53  ±  7%,  52  ±  9%,  53  ±  8%  and  56  ± 
10%  in  A-Bi  group,  at  7  minutes,  10  minutes,  15  minutes,  and 
20  minutes  quench  time  points,  respectively  (all  p  <  0.05). 

In  the  volume  control  group,  the  infusion  of  1.5  L  of  LR 
over  235  minutes  to  mimic  acidosis  induction  in  the  A-LR 
and  A-Bi  groups  did  not  change  fibrinogen  concentration 
(122.9  ±  3.3  mg/dL  at  TO  and  126.3  ±  5.8  mg/dL  at  Tl)  or 
platelet  count  (342.5  ±  28.2  103/mL  at  TO  and  315.0  ±  36.4 
103/mL  at  Tl).  Similarly,  there  were  no  changes  in  initial 
clotting  time  R  (3.1  ±  0.1  at  TO  and  3.1  ±  0.2  at  Tl),  clotting 
rapidity  a  (74.3  ±  0.3  at  TO  and  74.5  ±  0.3  at  Tl),  clot 
strength  MA  (70.8  ±  0.8  at  TO  and  69.9  ±  0.7  at  Tl),  PT 
(10.2  ±  0.2  s  at  TO  and  9.8  ±  0.1  s  at  Tl),  PTT  (16.1  ±  0.1  s 
at  TO  and  16.6  ±  0.3  s  at  Tl),  or  ACT  (103  ±  6  s  at  TO  and 
100  ±  2  s  at  Tl).  Thus,  the  hemodilutional  effect  on  coagu¬ 
lation  from  acidosis  induction  is  minimal. 
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Fig.  4.  Thrombin  generation  kinetics  at  baseline  (TO,  pH  7.4),  acidosis  (Tl,  pH  7.1),  and  after  bicarbonate  neutralization  (T2  pH  7.4,  or 
without  neutralization  pH  7.1)  during  the  study.  *p  <  0.05,  A-LR  versus  A-Bi  at  T2. 


Bicarbonate  pH  Neutralization  (Tl  to  T2) 

Bicarbonate  infusion  in  the  A-Bi  group  (26  ±  3  mL/kg) 
raised  the  arterial  pH  from  7.1  (Tl)  to  7.4  (T2)  in  69  ±  19 
minutes.  The  sodium  bicarbonate  infusion  raised  HC03_ 
concentration  from  18.1  ±  1.6  mmol/L  to  35.7  ±  2.8  mmol/L 
(p  <  0.05)  and  Na+  from  140.7  ±  2.7  mmol/L  to  148.3  ±  3.2 
mmol/L  (Table  1;  p  <  0.05).  The  deficit  in  BE  was  reversed 
from  -10.3  ±  1.5  mmol/L  to  10.2  ±  2.6  mmol/L.  In  the 
A-LR  group,  arterial  pH  remained  at  7.1  after  LR  infusion 
(25  ±  4  mL/kg).  During  the  LR  infusion,  bicarbonate  con¬ 
centrations  in  the  A-LR  increased  from  16.4  ±  1.2  mmol/L  to 
19.1  ±  0.7  mmol/L,  with  no  change  in  Na+  concentrations 
(Table  1).  BE  in  the  A-LR  animals  remained  negative 
(-12.2  ±  0.9  mmol/L  at  Tl  and  -8.3  ±  0.4  mmol/L  at  T2). 
There  were  no  changes  observed  in  Hct,  pC02,  and  p02 
between  Tl  and  T2  in  either  group  (data  not  shown). 

Although  bicarbonate  infusion  successfully  reversed  pH 
and  BE  in  the  A-Bi  group,  fibrinogen  concentration  and 
platelet  count  remained  unchanged  during  pH  neutralization 
(T2  versus  Tl ;  Fig.  2).  There  were  also  no  significant  changes 
in  fibrinogen  and  platelet  levels  in  the  A-LR  group  at  T2 
compared  with  Tl  (Fig.  2).  Plasma  total  protein  and  albumin 
concentrations  remained  unchanged  between  Tl  and  T2  in 
both  groups.  In  addition,  bicarbonate  neutralization  of  arterial 
pH  did  not  significantly  affect  coagulation  function  at  T2 
compared  with  Tl.  Clotting  rapidity  (a)  and  clot  strength 
(MA)  remained  at  impaired  levels  in  both  groups  (Fig.  3).  PT, 
PTT,  and  activated  clotting  time  remained  unchanged  after 
bicarbonate  or  LR  infusion  (Table  2). 

Thrombin  generation  kinetics  following  pH  neutraliza¬ 
tion  (the  A-Bi  group)  was  compared  with  that  without  pH 
correction  (the  A-LR  group)  at  T2  in  Figure  4.  The  onset  of 


thrombin  generation  remained  unchanged  in  both  groups.  In 
the  A-LR  group  while  pH  was  maintained  at  7.1,  thrombin 
generation  at  the  end  of  the  study  (T2)  returned  to  values 
similar  to  baseline  values  in  the  same  group  (TO),  indicating 
a  possible  recovery  of  thrombin  generation  (Fig.  4).  How¬ 
ever,  this  recovery  was  not  shown  in  the  animals  after  bicar¬ 
bonate  pH  neutralization.  The  thrombin  generation  after 
bicarbonate  pH  neutralization  (T2)  in  the  A-Bi  group  was 
similar  to  the  impaired  values  following  acidosis  induction 
(Tl)  in  the  same  group  (Fig.  4).  At  7  minutes,  10  minutes,  15 
minutes,  and  20  minutes  quench  time  points,  thrombin  gen¬ 
eration  in  the  A-Bi  group  was  55  ±  7%,  59  ±  8%,  64  ±  6%, 
and  62  ±  6%  of  the  values  in  the  pH  uncorrected  A-LR  group 
(Fig.  4,  T2,  all  p  <  0.05). 

DISCUSSION 

We  investigated  alterations  and  underlying  mechanisms 
in  the  coagulation  process  under  acidosis  and  following  ar¬ 
terial  pH  neutralization  with  bicarbonate  in  a  swine  model. 
Our  data  demonstrate  that  acidosis  is  detrimental  to  the  co¬ 
agulation  process:  causing  approximate  35%  depletion  in 
fibrinogen  concentration,  50%  decrease  in  platelet  count,  and 
50%  inhibition  in  thrombin  generation  in  both  groups.  Con¬ 
sequently,  blood  clotting  time  was  prolonged  and  clot  forma¬ 
tion  and  strength  were  impaired.  Infusion  of  bicarbonate 
neutralized  pH  to  7.4;  however,  it  did  not  immediately  reverse 
any  of  the  detrimental  changes  caused  by  acidosis.  The  lack  of 
improvement  with  bicarbonate  neutralization  indicates  the  com¬ 
plexity  and  challenge  in  treating  acidosis  coagulopathy. 

Fibrinogen  is  the  precursor  protein  in  the  coagulation 
process.  Proper  clot  formation  requires  sufficient  fibrinogen 
available  in  the  circulation.  At  any  time,  fibrinogen  availabil- 
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ity  reflects  the  dynamic  balance  of  production  and  consump¬ 
tion.  In  this  study,  acidosis  of  pH  7.1  was  induced  by  infusion 
0.2N  HC1  solution  over  nearly  a  4-hour  period.  Fibrinogen 
concentration  (measured  by  fibrinogen  functional  activity) 
was  decreased  by  about  35%  after  achievement  of  the  target 
level  of  acidosis.  Because  plasma  total  protein  was  only 
decreased  about  10%  to  15%  during  the  infusion,  it  is  possi¬ 
ble  that  changes  in  fibrinogen  metabolism,  such  as  acceler¬ 
ated  degradation  and/or  inhibited  synthesis,  may  contribute  to 
the  concentration  decrease.  Because  fibrinogen  synthesis  rate 
in  normal  pigs  is  about  2%  to  4%  per  hour,27'28  the  35% 
depletion  of  fibrinogen  appears  to  be  likely  due  to  accelerated 
fibrinogen  degradation,  rather  than  inhibited  synthesis.  In 
fact,  an  accelerated  degradation  with  unchanged  synthesis  in 
fibrinogen  has  been  shown  in  pigs  following  a  moderate 
hemorrhage.27  Although  changes  in  fibrinogen  degradation 
following  acidosis  are  yet  to  be  defined,  it  is  clear  that  the 
fibrinogen  loss  by  acidosis  is  irreversible,  because  bicarbon¬ 
ate  neutralization  of  arterial  pH  did  not  reverse  the  changes  in 
fibrinogen  levels.  Thus,  without  exogenous  intervention,  it 
would  take  over  10  hours  for  endogenous  synthesis  to  replen¬ 
ish  fibrinogen  availability  to  normalize  coagulation  following 
acidosis,  even  if  there  were  no  degradation.  This  notion  is 
supported  by  a  recent  clinical  observation.29  In  a  prospective 
study  of  202  major  torso  trauma  patients  with  significant 
coagulopathy  at  ICU  admission,  McKinley  et  al.  reported  that 
coagulopathy  remained  uncorrected  throughout  a  24-hour 
ICU  period,  despite  successful  efforts  in  normalizing 
acidosis.29  Taken  together  our  data  support  the  notion  of  a 
possible  need  for  fibrinogen  supplementation  in  treating  acute 
trauma  patients  with  acidosis  coagulopathy. 

We  also  assessed  changes  in  thrombin  generation  kinet¬ 
ics  induced  by  acidosis  and  following  bicarbonate  neutraliza¬ 
tion  of  arterial  pH.  Our  data  showed  that  the  initial  thrombin 
generation  remained  unchanged  under  acidosis  and  after  bi¬ 
carbonate  pH  neutralization,  indicating  that  changes  in  pH 
have  minimal  effects  on  the  initiation  phase  of  thrombin 
generation  process.  However,  thrombin  generation  in  the 
propagation  phase  was  inhibited  by  acidosis  by  as  much  as 
50%.  Acidosis  appears  to  affect  different  pathways  in  the 
coagulation  process  in  different  ways.  Meanwhile,  we  ob¬ 
served  an  unexpected  recovery  of  thrombin  generation  from 
the  50%  inhibition  to  baseline  values  in  the  pH-uncorrected 
group  at  the  end  of  the  study.  However,  this  recovery  in 
thrombin  generation  was  not  accompanied  by  a  recovery  in 
coagulation  function,  suggesting  that  correction  of  substrate 
depletion  might  also  be  necessary  for  normalizing  coagula¬ 
tion.  In  addition,  the  recovery  in  thrombin  generation,  how¬ 
ever,  was  not  present  in  animals  with  bicarbonate  pH 
neutralization.  The  50%  inhibition  in  thrombin  generation  by 
acidosis  remained  unchanged  after  bicarbonate  pH  neutral¬ 
ization.  Because  there  are  many  enzymes,  factors,  and  cofac¬ 
tors  involved  in  the  thrombin  generation  propagation  phase  in 
comparison  with  the  initiation  phase  (tissue  factor  and  factor 
VII),  we  are  unable  to  define  specific  sites  contributing  to  the 


50%  inhibition  at  present.  Neither  can  we  explain  the  recov¬ 
ery  of  thrombin  generation  in  the  pH-uncorrected  group  nor 
its  continued  inhibition  on  thrombin  generation  with  bicar¬ 
bonate  pH  correction.  Similarly,  we  are  unable  to  explain  the 
50%  decrease  in  platelet  count  by  acidosis.  Additional  studies 
are  needed  to  clarify  the  mechanisms  responsible  for  the  drop 
of  platelet  count  and  potential  functional  changes. 

In  this  study,  a  comprehensive  approach  was  used  to 
assess  the  effects  of  acidosis  and  arterial  pH  neutralization 
with  bicarbonate  on  coagulation.  Our  measurements  included 
TEG,  PT,  PTT,  ACT,  in  combination  with  substrate  (fibrin¬ 
ogen)  concentration  and  thrombin  generation  kinetics.  TEG 
provides  an  overview  of  the  blood  clotting  profile.  PT  and 
PTT  provide  general  measures  of  intrinsic  common  pathway 
integrity  and  extrinsic  common  pathway  integrity,  respec¬ 
tively.  Activated  clotting  time  (ACT)  assesses  overall  clotting 
properties  from  fresh  whole  blood.  Consistent  and  comple¬ 
mentary  results  were  observed  in  this  study.  For  example,  the 
initial  clotting  time  (R)  in  TEG  was  not  changed  in  either  group 
throughout  the  study,  which  coincided  with  unchanged  initial 
thrombin  generation  throughout  the  study  in  both  groups.  Max¬ 
imum  amplitude  (MA)  represents  clot  strength,  which  is  affected 
by  platelet  and  fibrinogen  levels.  Clotting  rapidity  (a)  measures 
fibrin  build  up  and  crosslinking,  which  is  induced  by  thrombin 
generation.  In  this  study,  we  observed  decreases  in  both  MA  and 
a  following  acidosis,  which  agreed  well  with  depletions  in 
fibrinogen  level,  platelet  counts,  and  impairments  in  thrombin 
generation.  Further,  PT,  PTT,  and  ACT  were  similarly  pro¬ 
longed  by  acidosis,  and  remained  prolonged  after  pH  neutral¬ 
ization  with  bicarbonate. 

Although  sodium  bicarbonate  has  variously  been  part  of 
clinical  practice  in  treating  acute  lactic  acidosis,30'31  there  is 
limited  information  available  about  coagulation  changes  fol¬ 
lowing  bicarbonate  administration.  Wong  et  al.  reported  that 
sodium  bicarbonate  interfered  with  the  conversion  of  fibrin¬ 
ogen  to  fibrin.32,33  By  adding  sodium  bicarbonate  or  potas¬ 
sium  bicarbonate  to  blood  samples,  these  investigators 
showed  that  the  thrombin  time  increased  by  20%  when  the 
bicarbonate  concentration  was  increased  from  12  mEq/L 
blood  to  37  mEq/L.32  In  the  same  report,  when  bicarbonate 
was  infused  in  acidotic  patients  (n  =  4),  a  50%  to  100% 
prolongation  in  PT  and  PTT  occurred.32  Combining  these 
reports  with  our  findings,  it  is  possible  that  bicarbonate  in¬ 
terferes  with  fibrin  monomer  assembly  into  fibrin  polymer 
and  inhibits  thrombin  production.  Although  the  mechanisms 
remain  to  be  clarified,  bicarbonate  may  not  be  the  best  choice 
of  agents  to  neutralize  pH  and  reverse  coagulopathy  in  aci¬ 
dosis  patients. 

As  acute  phase  proteins,  both  fibrinogen  and  albumin  are 
essential  liver  proteins  with  specific  metabolic  function  and 
regulations.  Changes  in  their  levels  in  the  circulation  can 
potentially  impact  physiologic  function.  As  the  precursor  in 
the  coagulation  process,  fibrinogen  is  primarily  involved  in 
maintaining  hemostasis.  With  a  molecular  weight  of  340,000, 
fibrinogen  is  primarily  confined  in  the  vascular  pool  and  has 
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a  half  life  of  3  to  4  days.34  Albumin,  as  a  transport  protein, 
has  a  molecular  weight  of  65,000  and  less  than  50%  of  its 
amount  is  confined  in  the  vascular  pool.  The  half-life  of 
albumin  is  17  to  18  days.34  In  this  study,  we  observed  a  35% 
drop  in  fibrinogen  concentration  by  acidosis,  while  there  was 
only  about  a  10%  decrease  in  albumin  concentration.  These 
data  suggest  that  the  metabolic  effects  of  acidosis  may  vary 
with  different  proteins.  It  is  also  possible  that  following 
acidosis  insult,  some  of  the  albumin  loss  from  the  circulation 
was  compensated  for  by  albumin  refilling  from  the  extravas- 
cular  to  the  intravascular  pool.  Whatever  mechanisms  are 
involved,  it  is  clear  that  fibrinogen  and  the  coagulation  pro¬ 
cess  are  highly  vulnerable  to  acidosis. 

In  this  study,  acidosis  was  induced  by  infusing  1.5  L  of 
0.2N  HC1  in  LR  for  4  hours.  The  possible  hemodilutional  effects 
related  to  the  volume  infusion  were  assessed  in  the  volume 
control  group.  Because  there  were  no  changes  observed  in  fi¬ 
brinogen  concentration,  platelet  counts,  and  coagulation  function 
in  the  group,  it  is  clear  that  the  hemodilutional  effects  on  coag¬ 
ulation  from  the  infusion  of  acid  was  minimal  compared  with  the 
effects  of  acidosis  itself.  In  the  second  portion  of  this  experi¬ 
ment,  a  smaller  volume  (0.9  L)  was  infused  to  study  the  effects 
of  pH  neutralization.  This  volume  infusion  did  not  cause  signif¬ 
icant  changes  in  plasma  total  protein,  albumin  and  fibrinogen 
levels.  Further,  based  on  the  changes  in  plasma  protein  observed 
in  the  present  study,  we  estimate  a  10%  to  15%  hemodilution 
effect  of  the  infused  fluid  used  throughout  the  entire  study. 
Previous  studies  suggest  that  a  hemodilution  of  at  least  50%  is 
required  before  a  significant  change  in  clotting  parameters  is 
observed, 35-38  it  is  thus  reasonable  to  conclude  that  the  hemodi¬ 
lutional  effect  in  this  study  is  minimal  and  that  the  observed 
coagulation  changes  result  primarily  from  acidosis  and  pH  neu¬ 
tralization  with  bicarbonate. 

Both  lactic  acid  and  hydrochloric  acid  have  been  used  to 
induce  intravascular  acidosis  to  investigate  acidosis  effects  on 
coagulation  function.22,39-41  Because  life-threatening  acido¬ 
sis  in  trauma  is  often  a  result  of  lactic  acidosis,  we  initially 
tried  lactic  acid  but  encountered  technical  difficulties  of  he¬ 
molysis  and  high  mortality.  To  overcome  these  problems,  we 
used  hydrochloric  acid  and  completed  the  study.  Although 
physiologic  differences  between  the  two  models  remain  to  be 
clarified,  both  models  result  in  intravascular  pH  changes.  The 
primary  purpose  of  this  study  was  to  investigate  coagulation 
changes  under  different  intravascular  pH.  Therefore,  we  con¬ 
sider  the  effects  observed  in  this  study  are  reasonably  valid  to 
the  purpose  of  the  study. 

In  summary,  we  investigated  possible  mechanisms  related 
to  coagulation  alterations  induced  by  acidosis  and  the  potential 
for  bicarbonate  to  reverse  the  altered  coagulation  function.  Ac¬ 
idosis  impaired  the  coagulation  process  by  depleting  some  co¬ 
agulation  substrates  and  inhibiting  the  thrombin  generation 
burst.  As  a  result,  clotting  time  was  prolonged  and  clot  strength 
compromised.  Bicarbonate  pH  neutralization  did  not  immedi¬ 
ately  reverse  any  of  the  coagulation  changes,  and  it  actually 
prevented  the  return  of  normal  thrombin  generation  that  was 
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observed  in  pH  uncorrected  group.  Because  it  appears  that  so¬ 
dium  bicarbonate  adversely  affects  the  recovery  of  coagulation 
function,  efforts  are  warranted  to  search  for  other  pH  neutral¬ 
ization  methods  that  will  improve  acidosis-induced  coagulopa¬ 
thy.  Further,  based  on  our  previous  observations  on  the  slow 
endogenous  fibrinogen  synthesis,27  it  would  appear  that  simply 
reversing  acidosis  with  a  drug  or  resuscitation  fluid  may  not  be 
sufficient  to  restore  normal  coagulation  function.  Our  results 
suggest  that  specific  clotting  factor  replacement  may  be  neces¬ 
sary  for  the  ultimate  reversal  of  impaired  coagulation  associated 
with  acidosis. 
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